The role of centrosomes and centrioles during mitotic spindle assembly in vertebrates remains controversial. In cell-free extracts and experimentally derived acentrosomal cells, randomly oriented microtubules (MTs) self-organize around mitotic chromosomes and assemble anastral spindles [1] [2] [3] . However, vertebrate somatic cells normally assemble a connected pair of polarized, astral MT arrays-termed an amphiaster (''a star on both sides'' [4])-that is formed by the splitting and separation of the microtubule-organizing center (MTOC) well before nuclear envelope breakdown (NEB) [5] . Whether amphiaster formation requires splitting of duplicated centrosomes is not known. We found that when centrosomes were removed from living vertebrate cells early in their cell cycle, an acentriolar MTOC reassembled, and, prior to NEB, a functional amphiastral spindle formed. Cytoplasmic dynein, dynactin, and pericentrin are all recruited to the interphase aMTOC, and the activity of kinesin-5 is needed for amphiaster formation. Mitosis proceeded on time and these karyoplasts divided in two. However, w35% of aMTOCs failed to split and separate before NEB, and these entered mitosis with persistent monastral spindles. Chromatin-associated RAN-GTP-the small GTPase Ran in its GTP bound state-could not restore bipolarity to monastral spindles, and these cells exited mitosis as single daughters. Our data reveal the novel finding that MTOC separation and amphiaster formation does not absolutely require the centrosome, but, in its absence, the fidelity of bipolar spindle assembly is highly compromised.
Summary
The role of centrosomes and centrioles during mitotic spindle assembly in vertebrates remains controversial. In cell-free extracts and experimentally derived acentrosomal cells, randomly oriented microtubules (MTs) self-organize around mitotic chromosomes and assemble anastral spindles [1] [2] [3] . However, vertebrate somatic cells normally assemble a connected pair of polarized, astral MT arrays-termed an amphiaster (''a star on both sides'' [4] )-that is formed by the splitting and separation of the microtubule-organizing center (MTOC) well before nuclear envelope breakdown (NEB) [5] . Whether amphiaster formation requires splitting of duplicated centrosomes is not known. We found that when centrosomes were removed from living vertebrate cells early in their cell cycle, an acentriolar MTOC reassembled, and, prior to NEB, a functional amphiastral spindle formed. Cytoplasmic dynein, dynactin, and pericentrin are all recruited to the interphase aMTOC, and the activity of kinesin-5 is needed for amphiaster formation. Mitosis proceeded on time and these karyoplasts divided in two. However, w35% of aMTOCs failed to split and separate before NEB, and these entered mitosis with persistent monastral spindles. Chromatin-associated RAN-GTP-the small GTPase Ran in its GTP bound state-could not restore bipolarity to monastral spindles, and these cells exited mitosis as single daughters. Our data reveal the novel finding that MTOC separation and amphiaster formation does not absolutely require the centrosome, but, in its absence, the fidelity of bipolar spindle assembly is highly compromised.
Results and Discussion
Unlike flowering plant cells, animal somatic cells do not completely disassemble their microtubule (MT) network at the G 2 /M transition, thus retaining the burden of managing a polarized, radial MT array throughout the transition into mitosis [6, 7] . The single MT focus splits into a connected pair of astral arrays, historically known as an amphiaster [4] . Amphiaster formation has traditionally been ascribed to the splitting and separation of the duplicated centrosomes, which precedes bipolar spindle assembly [5, [8] [9] [10] . However, whether vertebrate somatic cells actually require the presence and/or duplication of centrosomes in order to split their MT array during spindle assembly is not known. To test this, we used microsurgery [11] to remove the centrosome from monkey (BSC-1) cells constitutively expressing a tubulin-GFP [12] and followed their behavior by using live imaging.
For microsurgery, the microneedle was brought down between the centrosome and the nucleus (Figure 1 ), and the cell separated into two fragments: a nuclear-containing cell lacking a centrosome (termed the karyoplast [KP] ) and an enucleate fragment containing the centrosome (termed the cytoplast [CP]). Often the CP was removed with the microneedle so that it did not obscure the events in the KP. We selected cells with a distinct ''tricorners'' morphology to ensure that the centrosome was located in the presumptive CP regardless of whether it had duplicated (see Figure S1C , available online). The position of the KP on the coverslip was marked with a diamond scribe mounted in the nosepiece of the microscope, and living KPs were examined by using time-lapse microscopy [11] . As a control for the loss of cytoplasm, equivalent masses of cytoplasm were removed, but the centrosomes were left in the cell. In 9/9 cases, these control-cut cells formed bipolar spindles ( Figure S1 , also see [11] ) and proceeded through mitosis within the range of normal mitotic timing ( Figure 2C ).
We first asked whether KPs could reform an acentriolar MTOC (aMTOC; [13] ). Ten KPs were examined, beginning 1 hr after microsurgery, a time when the KP had flattened. In each case, the organization of the MT network was initially disrupted and then became reorganized into a single radial array with its focus near the nucleus (Figure 1Bf, arrow) . The reformation of the aMTOC in the KP occurred over a period of w6 hr following microsurgery, a timeframe similar to that observed for MT self-centering in enucleate fragments of melanophores [14, 15] . The centrioles in BSC-1 KPs do not reform during interphase, as determined by same-cell live imaging and immunolabeling with anti-centrin 2 (n = 3; Figure 1C ).
Spindle Assembly in Acentriolar Karyoplasts
Next, live-cell imaging was used to examine the mode of mitotic spindle assembly in KPs (Figure 2 ). KPs were generated by microsurgery and followed by using differential interference contrast (DIC) optics in order to minimize potential photodamage to the cells [16] . When the KPs were judged to be near the G 2 /M transition (determined by a change in the morphology of the nucleolus), the microscope was switched from DIC to confocal fluorescence optics and spindle assembly was imaged (Figure 2) . In all cases, a single MT focus was observed prior to NEB (Figures 2A and 2B) . However, spindle assembly in KPs occurred in two distinct modes: (1) the formation of an amphiaster prior to NEB, followed by the formation of a bipolar spindle, and (2) formation of a monaster, followed by monopolar spindle assembly.
Of the 76 KPs examined, 46 (61%) underwent splitting of the aMTOC into an amphiastral array, which remained closely apposed to the nuclear envelope (Figures 2Af-2Ah, insets) . These amphiasters then assembled into bipolar spindles (Figures 2Ai-2Al ) and progressed through mitosis-measured as the time from NEB to anaphase onset (average = 65 min, range 30-125 min). The mitotic timing for amphiasters is slower than that of control cells (average = 46 min, range 24-99 min; Figure 2C ).
In contrast, the single MT array failed to split or separate prior to NEB in 26/76 KPs (34%) (Figures 2Be-2Bh) . Instead, the MTs remained as a monastral array, and these KPs assembled monopolar spindles. The time from NEB to anaphase onset in KPs with monastral spindles (average = 285 min, range 180-480 min; Figure 2C ) was longer than that of amphiastral KPs or control cells. Anaphase onset in monastral spindles was easily judged by the polarization of the KP and the lengthening of the monopolar spindle (see [17] ). Interestingly, when monopolar KPs eventually exited mitosis, they formed multiple cytokinetic furrows, which eventually retracted, resulting in a single polyploid daughter (data not shown). We also note that the MT network in KPs destined to form monopolar spindles was not noticeably diminished (data not shown). MTs in these KPs were observed extending to the cell cortex, suggesting that this is not the underlying cause for failure to form a bipolar spindle.
Examination of a KP during amphiaster formation revealed that the asters lack centrioles, but do contain reduced g-tubulin ( Figure 2D ). Postmitotic karyoplasts that built an amphiaster and divided into two (n = 2; Figure 2 ) or built a monopolar and failed cytokinesis (n = 2; Figure S1A ) also lacked centrioles. In 24/26 cases where we examined KPs for centrioles by using same-cell live and immunofluorescence imaging, we found that the centrioles had been removed. Previous work had demonstrated that postmitotic BSC-1 KPs lack centrioles, as judged by serial section electron microscopy [11] . However, in other cell types, notably CHO, HeLa, and RPE-1 cells, a variable numbers of centrioles can reform de novo during S phase [16, 18, 19] . Because we cannot distinguish between G 1 cells (with a pair of centrioles) and G 2 cells (with a duplicated pair centrioles; see Figure S1 ), it is formally possible that some KPs could have reformed centrioles de novo during S phase. Regardless, Figure 2D demonstrates that amphiaster splitting and separation can occur without the bipolar cue provided by centrioles.
The Acentriolar MTOC and MT Organization in Karyoplasts
Given that amphiaster formation in acentrosomal cells is error prone, we examined potential differences between KPs that either could or could not split their asters. Centrioles themselves nucleate particular sub-classes of MTs, and the remaining MTs are nucleated by the pericentriolar material (PCM) surrounding the centrioles [20] . However, cohesion of the MTOC as a whole is mediated, at least in part, by cytoplasmic dynein and its co-factor dynactin [21] [22] [23] . Dynein also plays a key role in separating the duplicated centrosomes during normal amphiaster formation [24] . In addition, the structural protein pericentrin, along with g-tubulin is transported to the MTOC by dynein, where they are involved in maintaining MT organization [25, 26] . Together, dynein, dynactin, and pericentrin could potentially play a role in re-establishing the MTOC following removal of the centrosome by microsurgery.
Using same-cell live and immunofluorescence microscopy of KPs immediately after microsurgery, we examined the extent to which pericentrin, dynein, and dynactin relocalized the aMTOC while it reassembled. The distribution of these MTOC components in KPs was compared to that in the adjacent centrosome-containing CPs (Figure 3 , panels marked with an asterisk). We examined the distribution of these proteins in KPs at times both before (T = 1.5 hr) and after (T = 6 hr) the reformation of the radial MT array. For each condition, we examined three separate karyoplasts. These proteins all localize to the MTOC in control BSC-1 cells ( Figure S2) .
At T= 1.5 hr after microsurgery, the MTOC lacked pericentrin, dynein, and dynactin, along with the MT array ( Figures  3A-3C ). While the MT network reformed w6 hr post microsurgery, pericentrin, dynein, and dynactin all became refocused to the nascent aMTOC ( Figure 3 ). Note that the centrosomes residing in the anucleate CPs retained their focus of pericentrin dynein, and dynactin ( Figures 3A-3C , asterisks).
Another cellular structure that is assembled in the vicinity of the MTOC is the Golgi network, which in addition to mediating protein sorting and vesicle transport, also serves to organize noncentrosomal MTs, and is itself dependant on dynein-mediated motility [27, 28] . As a measure of MTOC reformation, the organization of the Golgi was examined in KPs following microsurgery ( Figure 3B ). At T = 1.5 hr following microsurgery the Golgi was disrupted in the KP (Figure 3Bc 0 ). At T = 6.5 hr the Golgi had reformed to approximately control levels (Figure 2Bf 0 ). Thus, as the radial acentriolar MT array reforms in KPs, pericentrin, dynein, dynactin, and a morphologically normal Golgi network associate with the aMTOC.
Organization of the Acentriolar MTOC in Postmitotic Karyoplasts
We next examined the organization of the aMTOC in postmitotic KPs. Same-cell live and immunofluorescence microscopy of KPs that divided into two revealed that these KPs contained a robust focus of pericentrin at the aMTOC (Figure 4Af 00 insets; n = 5), and dynein (n = 3; data not shown). Note the centrosomal focus of pericentrin seen in the lone cytoplast remaining on the coverslip (Figure 4Af 00 lower inset). We also found g-tubulin, albeit in reduced amounts, in the asters separating at the onset of mitosis in karyoplasts (Figure 2) . Thus, in postmitotic KPs that underwent bipolar division, the aMTOCs each contained a focus of pericentrin, dynein, and g-tubulin, indicating reformation of partial PCM in the absence of centrioles.
When KPs that failed cytokinesis were examined, we found that these lacked a distinct focus of pericentrin (n = 3; Figure 4B ), or dynein (n = 3; data not shown). Monopolar KPs also lack a postmitotic focus of g-tubulin ( Figure S1 ). The obvious differences in the aMTOC composition between KPs that underwent bipolar versus monopolar division suggest that the failure to form an amphiaster and a bipolar spindle could be caused by an insufficient recruitment of MTOC components, such as pericentrin, dynein, or g-tubulin, to the MT minus ends as they coalesced following microsurgery.
Finally, we examined the role of kinesin 5 on the splitting and separation of the aMTOC. Kinesin-5 is a MT motor involved in driving centrosome-containing spindle poles apart during spindle assembly [29, 30] . KPs were generated by microsurgery, and after they had healed and flattened out, 100 mM monastrol was added to inhibit kinesin 5 activity. In 10/10 KPs treated with monastrol, all failed bipolar spindle formation, were delayed in mitosis, and eventually failed cytokinesis ( Figure S3 ). In 35/35 control cells treated with monastrol, all were delayed in mitosis, and all exited mitosis as single daughter cells ( Figure S3) . Thus, the separation of the aMTOC into an amphiaster appears to be dependant on kinesin-5 motility. 
Conclusions
Our results reveal several novel aspects of the role of the centrosome during mitotic spindle assembly in vertebrate somatic cells. There has been a long-standing notion that the separation of duplicated centrosomes drives bipolar spindle assembly in these types of cells [8, 9, 31] . While the asters separate, the dynamic MT plus ends interact, pushing the asters apart through the action of their associated motor proteins [30, 32] . The extent of spindle pole separation prior to NEB varies, and also appears dependent on MT interactions with the cell cortex [33] [34] [35] , and on the action of the kinetochore MTs [36] .
We find that in the absence of a centrosome and centrioles, karyoplasts always reform a single perinuclear MT array that is capable of disjunction and separation to form two distinct spindle poles. Importantly, this splitting occurs in a strict one-to-two fashion and prior to NEB-well before MTs could interact with the chromosomes and their gradient of Ran-GTP, the GTP-bound form of the small GTPase RAN, which drives bipolar spindle assembly in other acentrosomal systems [37] . Although these MTOCs lack centrioles, they do refocus dynein, dynactin, pericentrin, and g-tubulin to varying degrees, and postmitotic KPs that have undergone bipolar division have a focus of pericentrin, dynein, and g-tubulin at their MTOC (Figure 4) .
However, in contrast to other acentrosomal systems, which form bipolar spindles in essentially all cases [1] [2] [3] , the fidelity of bipolar spindle assembly in KPs is compromised. Thirtyfour percent of the aMTOCs failed to separate prior to NEB, and monasters exerted a dominant influence over spindle assembly. Examination of postmitotic KPs that form monasters and fail cytokinesis revealed that these lack appreciable amounts of PCM at the aMTOC.
Why do some karyoplasts form amphiasters and bipolar spindles, whereas others do not? It is possible that postmitotic KPs that underwent monastral division lacked sufficient pericentrin, dynein, or g-tubulin at their aMTOC to allow splitting of the MT focus (see Figures 2 and 4) . This suggests that normally some component of the centrosome-perhaps the centrioles-is responsible for the recruitment of PCM in quantities sufficient for the cohesion and the eventual splitting of the MTOC. In the absence of centrosomes, the recruitment of PCM cannot be assured, and the incidence of monopolar spindle assembly increases to catastrophic levels. It also remains a possibility that residual Golgi, left after the microsurgery, could be responsible for recruiting sufficient PCM to the aMTOC to allow for amphiaster formation. Whether the centrosome and Golgi act in a coordinated fashion or are redundant mechanisms for PCM assembly and refocusing of the MT network remains to be determined [38] .
Our finding that monastral spindles persist throughout mitosis in acentrosomal cells is also intriguing because it is known that centrosome separation can occur well after NEB and mitotic onset [9, 10] . BSC-1 cells treated with monastrol form monopolar spindles, yet the centrosomes separate and form a bipolar spindle when the drug is washed out [29, 30] . We find spontaneous monopoles in control BSC-1 cells that eventually resolved into bipolar spindles and divided into two ( Figure S3 ). However, in karyoplasts that lack centrosomes, monastral spindles form that cannot be corrected for, with disastrous consequences for cell division.
In conclusion, our results reveal that centrosomes are necessary in order to ensure that bipolar spindle assembly occurs with high fidelity. Although centrioles appear to be dispensable for the organization of the PCM and for the splitting of the resulting aMTOC into an amphiaster, we show that in their absence, defects in spindle assembly arise. Karyoplasts lacking centrioles have defects in their ability to reform their PCM and the necessary splitting and separation of the aMTOC does not always occur. This results in the generation of monopolar spindles that cannot be compensated for by the chromatin-mediated spindle assembly pathway.
Experimental Procedures
Unless otherwise noted all reagents were obtained from Sigma Chemical Co. (St. Louis, MO). Cell Culture and Treatment BSC-1 cells (African Green Monkey kidney cells; ATCC, Manassas, VA) were cultured in DMEM containing 10% FBS (GIBCO, Grand Island, NY) and 1 mg/ml pen-strep (Sigma-Aldrich, St. Louis, MO) in 10% CO 2 . These were used as is or transfected with EGFP-a tubulin (Clontech, Mountain View, CA) by using Fugene 6 (Roche Applied Science, Indianapolis, IN), and selected with G418 (2 mg/ml). Clones were identified as described [12] . 100 mM Monastrol (CalBiochem, La Jolla, CA) was added 6 hr after microsurgery.
Microsurgery, Live-Cell Microscopy, and Fluorescence Microscopy For microsurgery, BSC-1 EGFP-a tubulin cells were plated onto bio-cleaned glass coverslips in Imaging Media (DMEM without phenol red, containing 12 mM HEPES, pH 7.2, 10% fetal bovine serum) and assembled onto aluminum support slides [11, 39] . Microneedles were pulled with a Kopf vertical pipet puller (Kopf, CA) and the final needle geometry was shaped with a microforge deFonbrune (TPI, St. Louis, MO). Microsurgery was performed with a Burleigh MIS-5000 piezo-electric micromanipulator attached to a prewarmed Leica DM IRB2 inverted microscope (Leica Microsystems, Bannockburn, IL) equipped with phase contrast optics and a rotating stage. KP position on the coverslip was marked with a diamond scribe.
Time-lapse images were captured with a Leica DM RXA2 microscope stand by using a 403/0.7 NA objective and enclosed in a custom-made Plexiglas box maintained at 37
C. Live-cell fluorescence images were also captured with a Yokagawa CSU-10 spinning disk confocal head, as 
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